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Mitochondria for FissionThe endoplasmic reticulum and mitochondria are engaged in an intimate
relationship: they establish extensive contacts, exchange lipids and calcium,
and coordinate their activities in cell life and death. Recent research has
revealed a new role for the endoplasmic reticulum in promoting mitochondrial
division.Benedikt Westermann
Cellular organelles were long regarded
as separate entities that provide
secluded compartments tailored for
specific cellular or metabolic reactions.
This view has changed as it has been
recognized that organelles are highly
dynamic and interdependent. It is now
becoming clear that the intricate
architecture of a eukaryotic cell can be
established and maintained only
through coordinated and cooperative
activity of its constituents. Now, in
a recent article published in Science,
Friedman et al. [1] report that the
endoplasmic reticulum (ER) plays an
active role in defining the sites of
mitochondrial division and thereby
helps to shape the mitochondrial
compartment.
Mitochondria are highly dynamic
organelles that frequently fuse and
divide. This dynamic behaviour
determines mitochondrial morphology
and serves many important functions
[2]. The formation of large,
interconnected mitochondrial
networks by the fusion of individual
organelles facilitates the transmission
of the mitochondrial membranepotential to dissipate metabolic
energy. It also allows intermixing and
exchange of mitochondrial content and
complementation of mitochondrial
gene products, a process thought to
counteract the decline of mitochondrial
functions during aging. Mitochondrial
fission, on the other hand, is required to
generate organelles that are small
enough to be transported by molecular
motors along the cytoskeleton. This is
particularly important in large,
differentiated cells, such as neurons,
and during cell division. Moreover,
mitochondrial fission is important for
the release of cytochrome c from the
mitochondrial intermembrane space
into the cytosol to trigger apoptosis,
and it is thought to facilitate the
removal of damaged organelles by
autophagy [2]. Given this multitude of
cellular functions, it is not surprising
that defects in mitochondrial fusion
and fission are associated with several
diseases, including age-associated
neurodegeneration or neonatal
death [2].
The key protein mediating
mitochondrial division is an
evolutionarily conserved
dynamin-related protein called Dnm1 inyeast or Drp1 in mammals. Members of
the dynamin family are large GTPases
that self-assemble into large helical
oligomers that wrap around cellular
membranes. Membrane tubulation
and/or fission is then achieved by
mechanochemical forces released
upon GTP hydrolysis [3]. The molecular
machinery of mitochondrial fission has
been studied in great detail, both in
yeast and in mammals. In yeast,
a mitochondrial outer membrane
protein, Fis1, and a soluble adaptor
protein, Mdv1, promote the assembly
of cytosolic Dnm1 on the mitochondrial
surface, driving membrane scission
[4–6]. Similarly, mammalian Drp1 can
be recruited to the mitochondrial
surface by Fis1, albeit without the
participation of an Mdv1 homologue
[7]. In addition, the outer membrane of
mammalian mitochondria contains
a Fis1-independent division protein,
Mff, which recruits Drp1 and is
essential for mitochondrial fission [8,9].
Although these and many other studies
provided a wealth of data allowing
detailed insights into the mechanics of
mitochondrial division, two major
questions remained unanswered. First,
Dnm1 was observed to assemble on
many sites on yeast mitochondria, but
not every Dnm1 oligomer was found to
promote a mitochondrial fission event
[10]. Thus, it is not known how the
mitochondrial division sites are
selected from the Dnm1 assembly
sites. And second, the diameter of
Dnm1 helices assembled on lipid tubes
in vitro (w100 nm) is much smaller than
the diameter of a typical mitochondrial
tubule (w300 nm) [6]. So how can
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Figure 1. ER-mediated constriction of mito-
chondrial division sites.
ER and mitochondria are frequently present
in close apposition. Membrane contact sites
are thought to play important roles in the
exchange of membrane lipids and calcium
signalling [15]. Friedman et al. [1] identified
a new type of ER–mitochondrial interface.
ER tubules are wrapped around mitochon-
dria, sometimes almost completely circum-
scribing the mitochondrial outer membrane.
The diameter of mitochondrial tubules is
significantly reduced at these sites, allowing
the assembly of relatively narrow spirals of
dynamin-related protein oligomers that drive
mitochondrial division.
Dispatch
R923a narrow Dnm1 helix assemble on
a rather thick mitochondrion? The
study by Friedman et al. [1] may hold
answers to both of these questions.
A number of studies have revealed
close contacts between the ER and
mitochondria by light and electron
microscopy [11,12]. Now, Friedman
et al. [1] analyzed the
three-dimensional structure of
contacts between mitochondria and
ER by electron tomography in yeast
cells. They observed that ER tubules
occasionally were wrapped around
mitochondria, and in some instances
almost completely circumscribed the
mitochondrial surface. Intriguingly, the
mitochondrial diameter was
substantially reduced at the ER contact
domains, suggesting a potential role in
mitochondrial constriction and/or
division. By time-resolved live-cell
fluorescence microscopy the authors
observed that most of the
mitochondrial division events indeed
occurred at ER contact sites, both in
yeast and in mammalian cells.
Consistent with this observation,
GFP-tagged Dnm1 or Drp1 was found
to assemble on mitochondria
preferentially at sites of
mitochondrial–ER contact. As shown in
RNAi-treated mammalian cells, the
establishment of mitochondrial–ER
contacts and mitochondrial
constriction was not dependent on the
mitochondrial fission proteins Mff or
Drp1 [1]. Taken together, these
observations assign to the ER an active
role in determining the sites of
mitochondrial fission. In addition, it is
conceivable that the tight association
with the ER is important to constrict the
mitochondrial tubule sufficiently to fit
its diameter to that of the division
machinery consisting of spirals of
dynamin-related protein
oligomers (Figure 1).
ER and mitochondria are not
engaged in a one-way relationship. The
study by Friedman et al. [1] reports an
intriguing observation that points to
a role of mitochondria in shaping the
ER. Conserved ERmembrane proteins,
termed reticulons, and DP1/Yop1 are
required to generate and maintain the
characteristic shape of ER tubules [13].
While deletion of reticulons and Yop1
disrupts tubular ER [13], ER tubules do
persist at mitochondrial contact sites in
mutant yeast cells [1]. Thus, it appears
that mitochondria can aid the ER in
generating tubular membranes when
endogenous ER membrane shapingproteins are absent. Furthermore, it
was shown previously that disruption
of Drp1 function severely disturbs
morphology and distribution of the ER
in mammalian cells [14]. Hence, the
membrane-shaping activities of the ER
and mitochondria may be mutually
beneficial for both organelles.
What are the proteins that establish
the ER–mitochondria contacts at future
fission sites? The answer to this
question is not known, but previously
described organelle-bridging proteins
[15] are prime candidates. In yeast,
a mitochondria–ER tethering complex
was recently identified that is
composed of subunits resident in both
the ER and mitochondria. As this
complex is localized at discrete foci at
sites of close apposition between ER
and mitochondria, it was termed the
ER–mitochondria encounter structure
(ERMES) [16]. The fact that deletion of
any of its subunits results in severe
mitochondrial morphology defects [17]
is compatible with a role for ERMES in
determining sites of mitochondrial
fission. Homologous genes encoding
ERMES subunits inmammals are as yet
unknown. However, physical linkages
of ER and mitochondria were found by
electron tomography [18] and
biochemical approaches [19] in
mammalian cells. These contacts are
thought to primarily function in calcium
signalling. Interestingly, Friedman
et al. [1] found that chelation of
cytosolic calcium induces extensive
mitochondrial division at ER contact
sites, pointing to a role of the ER in
mitochondrial division in response to
calcium depletion. Furthermore, their
results exclude at least one obvious
candidate: mitofusin 2, which was
shown previously to tether
mitochondria and ER [20], is not
required for ER-mediated
mitochondrial constriction [1].
The identification of the molecular
machinery mediating ER-assisted
mitochondrial constriction will no
doubt be only the next step in a whole
series of exciting experiments and will
enable us to address many more
important questions. What are the
forces driving mitochondrial
constriction? There are several
mutually non-exclusive possibilities:
tethering proteins could act as a zipper
to constrict the mitochondrion, the
cytoskeleton might be involved, or the
activity of proteins in the mitochondrial
inner membrane could be important.
Are the ER contacts essential formitochondrial fission? What are the
physiological consequences of
disrupting or enhancing mitochondrial
ER contacts? The observations by
Friedman et al. [1] offer an explanation
for howmitochondrial division sites are
selected. This poses the next question
regarding how mitochondrial–ER
interaction sites are selected. The
answering of these and many more
questions will keep cell biologists busy
for many more years.
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Cortical FunctionA recent study demonstrates involvement of primary motor cortex in
task-dependent modulation of rapid feedback responses; cortical neurons
resolve locally ambiguous sensory information, producing sophisticated
responses to disturbances.David W. Franklin
and Daniel M. Wolpert
An emerging theory in sensorimotor
neuroscience, termed optimal
feedback control, postulates that
complex actions result from the
intelligent modulation of sensory
feedback gains [1–3]. That is, skilful
movements are formulated by the
sensorimotor control system by
specifying time-varying feedback gains
on states of the body (for example, the
limb position and velocity). The ensuing
movement arises from the interaction
of these feedback gains with the
mechanics of the musculoskeletal
system, neural noise and disturbances
from the environment.
Optimal feedback control has been
supported by several studies showing
that feedback responses are clearly
modulated throughout movement [4]
and depend on the task being
performed [5–7]. In addition,
perturbations invoke involuntary
feedback responses— the long latency
stretch reflex — that approximate, in
direction and magnitude, the latertask-dependent voluntary responses
[8]. This provides further support for
optimal feedback control and suggests
that thecontrol systemsetsaunifiedset
of gains that act both on the involuntary
and voluntary systems, suggesting
the same neural circuitry may underlie
both forms of control and blurring the
distinction between them [3].
The long-latency feedback response
is known to involve cortical pathways
[9,10]. Moreover, recent transcranial
magnetic stimulation (TMS) studies
have shown that stimulation of primary
motor cortex can change the
task-dependent modulation of the
long-latency feedback response
[11,12]. As primary motor cortex is also
implicated in voluntary control [13,14],
this is a prime candidate for the
integrated control of both voluntary
and feedback control.
A recent paper [15] reports evidence
that primary motor cortex neurons
actively function in the task-dependent
modulation of feedback pathways.
Specifically, this new work shows that
primary motor cortex neurons resolve
ambiguous local motion at the joints inorder to produce intelligent and
sophisticated compensation to
disturbances. The study uses
a combination of neural recordings
from primates and TMS studies in man
to support this finding.
Pruszynski et al. [15] used a robotic
interface to apply perturbations to the
arm consisting of different
combinations of elbow and shoulder
joint torques. This requires each joint to
compensate for the torque it
experiences. The design of the study
exploited a fundamental
biomechanical property of a multi-joint
limb: that is, many different
combinations of externally applied joint
torques can give rise to identical local
motion at a single joint. Therefore, it is
not possible to disambiguate the
appropriate response at the shoulder
joint based only on shoulder motion
information (or only on elbow motion
information). In other words, shoulder
motion alone provides highly
ambiguous information as to applied
shoulder torques, which can only be
disambiguated by also considering
elbow motion. Therefore, to
compensate for the perturbation,
feedback responses need to take into
account information about motion at
both the shoulder and elbow joints [16].
The research specifically investigated
neurons that demonstrate primarily
shoulder tuning in feedforward
(voluntary) control tasks, in other words
have neural tuning indistinguishable
from single joint shoulder muscles.
